We introduce a lightweight, textile fabricated, haptic device consisting of an electrostatic adhesive clutch, which can constrain body movement when activated at low power (∼ 1 mW). The clutch electrodes are composite structures, prepared by coating copper-plated polyester fabric with thin films of high-κ dielectric ink. When voltage is applied across a pair of overlapping electrodes, the charge separation created between the overlapped surfaces gives rise to adhesive forces that resist tensile loads along the electrode surface. The clutch is arranged in parallel with a sheet of knitted fabric, which exhibits low-stiffness spring-like characteristics, thus decreasing load resistance when the clutch is deactivated. Mechanical tests are carried out to assess the dependency on scaling and loading rate at different voltages. The load-bearing capacity of the device is experimentally shown to sustain a 10 kg load for a clutch pair with 120 × 70 mm 2 dielectric overlap, when activated at 400 V. We present current-dependent charging and discharging times that can be as low as 15 ms. To exemplify its pertinence in wearable applications, the device 1
is used as an elbow joint constraint, exhibiting its conformability to curvatures and suitability for skin-mounted applications.
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In the field of wearables, the provision of haptic feedback has successfully been shown to supplement the information gathered by the human body's intrinsic sensory mechanisms for applications ranging from rehabilitation to teleoperation [1, 2] . In fact, with the introduction of new wearable interfaces to control distally-located robots, haptic feedback to the whole body could help users learn to control the robots better than they might with conventional hand-held controllers that have limited physical points of contact with the human skin [3, 4] . One approach is to provide passive haptic feedback i.e., feedback produced by devices that generate mechanical impedance, such as brakes and clutches [5, 6] . Passive haptic devices are characterised by guides that transmit the impedance which can constrain user movement and prevent them from committing errors. Unlike powered wearable orthotics for neuromuscular ailments, which require rigid components like actuators [7, 8] , wearable passive haptic devices can be developed exclusively using soft materials. Indeed, in recent years there has been a greater emphasis to incorporate human skin-like elastic materials in wearable systems for improved biomechanical compatibility [9] . In soft matter engineering, the predominant materials used are silicone-based elastomers because they can deform under light mechanical loading and distribute the load to avoid high stress concentrations [10] . However, a key limitation of such elastomers is that they are non-porous. This makes them unsuitable for direct skin-mounted applications because of potential health risks caused by skin occlusion and sweat build-up. One way to address this issue is to use textiles that allow the skin to breathe through their porous texture. Textiles can considerably reduce the negative effects of weight and inflexibility, which are ergonomic factors that affect user-comfort [11] . Not only do these materials have intrinsic mechanical properties that make them compliant and non-restrictive, but they also serve as compatible substrates for stretchable sensors that track pressure change and body flexure [12] . Therefore, such materials would be more suitable for skin interfacing compared to elastomers.
To provide an impedance-based kinesthetic feedback without actuators, which can be transmitted through fabric garments, haptic devices can be fabricated by combining stiffness-tuning technologies with textiles [13, 14] .
Previous work has shown that soft-matter devices, which incorporate rigidity tunable materials, retain their inherent softness for safe human interaction, while also being capable of transmitting high loads in their stiff state. In addition to having a rapid rate of response and a large bandwidth of compliance, these devices should ideally be lightweight, inexpensive, safe to use, scalable, and devoid of sizeable external hardware. The more promising variable stiffness technologies have employed either layer or particle jamming [14, 15, 16, 17, 18] , phase chageable materials [19, 20, 21, 22] , or electrostatic adhesion [23] . Among these approaches, jamming technologies suffer from the need for bulky auxiliary equipment to remove air and regulate air pressure. Material phase change, often a thermal process, consumes significant amount of power and takes a long time to respond due to slow heat dissipation. On the other hand, electrostatic adhesion, or electroadhesion, exploits characteristics of capacitors, such as low power consumption and short response time, using only lightweight and portable electronic components.
Electroadhesion has mostly been used in the field of robotics for gripping, perching and wall-climbing applications [24, 25, 26, 27, 28] . In most instances, a combination of tacky polymers with moderate conductive and dielectric properties were used to fabricate capacitors [29] . However, the use of intrisically-adhesive polymers could also result in residual stiction and slow disengagement. This problem was addressed recently in work that focussed on the development of an electroadhesive clutch for an ankle prosthesis by using a solid dielectric with a smooth surface [23] . Their device was very effective in controlling the spring engagement of the exoskeleton and returning stored mechanical energy during walking. However, it must be noted that the use of metallised plastic electrodes in their clutches would be unsuitable for textile fabricated devices, arising from materials compatibility issues in the manufacturing process.
In this paper, we present a method to develop wearable haptic devices that are almost entirely fabricated using different types of textiles ( Figure 1 ). These devices incorporate fabric-electrostatic adhesive clutches that provide force feedback through active resistance to tensile loading. The advantage of the method proposed in this paper is the employment of stitching, a common textile manufacturing method. Compared to dry or wet adhesives that create chemical bonds to join surfaces, stitches are more resilient to environmental externalities such as humidity and are more easily mendable in case of damage. In this work, we demonstrate the feasibility of the manufacturing process as well as the material architecture that allows for directional stiffness tuning at low power. Furthermore, we demonstrate the feasibility of the clutch in tensile applications by using it as an elbow joint constraint.
The haptic device is composed of a pair of electroadhesive clutch plates and non-functional knitted and woven fabrics, arranged in the order shown in Figure 1a . Knitted fabrics are stretchable and woven fabrics are inextensible.
Each clutch plate consists of a conductive woven textile sheet (CN-3190, 3M) of pre-determined shape, which is thin-film coated with a high-κ dielectric ink (Luxprint 8153, DuPont) and laser-cut knitted and woven fabrics Finally, we enclosed the entire device in a protective textile covering to prevent plate separation perpendicular to the longitudinal axis (Figure 1d ). The fabrication can be modified to incorporate multiple clutch plate pairs that are arranged in parallel to increase the maximum holding force ( Figure S5 , Supporting Information). The device is designed to have a low-stiffness spring in parallel with the high-holding force clutch. This means that when the clutch is not in operation, the device can comfortably stretch along the human body without exerting a significant restoring force. The assumption here is that the friction between the dielectric surfaces of the clutch plates is adhesion increases the maximum shear force required to induce slippage when subjected to a tensile load.
For the plate electrode, we chose copper plated polyester fabric tape because it could easily be sewn onto other fabrics. While the tape's acrylic adhesive backing could serve as a weaker, secondary bond to the substrate that could resist shear loading, it could also be delaminated by peeling if replacement was necessary. We selected Luxprint as the dielectric material because it contains Barium Titanate, a ferroelectric crystal commonly used in solid-state ceramic capacitors [30, 31] . The high dielectric constant of Barium Titanate increases the chargecarrying capacity of the capacitor, thereby increasing the adhesive force when a voltage is applied. Luxprint is particularly suitable for the fabrication process as well. In its uncured state, it is a free-flowing, viscous fluid that can be oven-cured into thin films on flat substrates using a thin film applicator. In its cured state, the surface is smooth and thus displays low friction. This physical property is important to ensure high surface conformability, which results in stronger adhesion upon clutch activation, and for providing negligible shear resistance when no voltage is applied [23] . The thin dielectric film bonds well to the flexible fabric without cracking, although the dielectric layer thickness decreases by more than half after the sample is cured in the oven. This phenomenon is due to the fact that the solvent present in the dielectric ink, which gives it its fluidic constitution, evaporates during the curing process and that the ink seeps through the numerous air gaps present in the weaves of the fabric. We performed two sets of experiments in order to characterize the behaviour of the device. In the first set, we measured mechanical characteristics, such as the dependence of the maximum clutching load on the area of dielectric overlap, the effect of number of clutch plate pairs arranged in parallel, and the rate of loading (displacement-controlled and force-controlled). In the second set, we measured the relevant electrical characteristics, such as capacitor charging and discharging time, and the total power consumption.
When a voltage Φ is applied across the parallel plate capacitor, an electric field is created between the plates and charges begin to flow from one electrode to the other until the potential difference across the capacitor plates equals Φ (Figure 1a) . The capacitor has a capacitance C = Aκ 0 /x, where A is the capacitor planar surface area, κ is the dielectric constant, 0 is the dielectric permittivity of free space, and x is the dielectric thickness. The electric field induces Maxwell stress normal to the electrode plane (see Supporting Information). This stress component is responsible for the rapid increase in frictional force along the surface area of the planar electrodes, opposite to the loading direction. For n engaged clutch plate pairs placed parallel to each other, the adhesive force in-plane is given by:
where µ is the coefficient of static friction between the surfaces of the dielectric. As shown in Figure 2 , we observe the mechanical characteristics of the clutches to be in keeping with expected trends. As Equation (1) suggests, the maximum load that the clutch plates can withstand increases in proportion to the dielectric area of overlap and the number of engaged clutch plate pairs (Figure 2a,b) . The linear dependency on the dielectric area of overlap is especially relevant when the clutch plates are engaged after the device has been stretched by a certain amount. Here, the dielectric area of overlap reduces from its initial value in the rest configuration and consequently, the maximum holding force capacity also reduces. It must be noted that the force is only dependent on the total surface area of dielectric overlap and not the individual dimensions of the clutch plates. Therefore, the device can be designed with plate dimensions and rest configuration dielectric area of overlap that are capable of handling different magnitudes of load. As predicted by Equation ( A consequence of capacitance charge build-up is dielectric space charge. Space charge is caused by the induced polarising electric field that aligns the ionic crystals to oppose the applied electric field [32] . When the capacitor plates are shorted, the charges in the capacitor begin to flow in the opposite direction until the voltage across the electrodes is zero. However, the presence of space charge might cause the plates to retain residual stiction that can have significant consequences when operating haptic devices at high frequency. While the space charge for Luxprint is low [23] , the discharging time can be reduced even further by driving current in the opposite direction for a brief period of time to quicken space charge removal (see Supporting Information). When operated at 200 V, a clutch pair with a dielectric overlap area of 100 × 60 mm 2 consumes an average power of 0.9 mW during charging and 1 mW during discharging. By using the H-bridge to drive current in the opposite direction until the capacitor voltage is driven to zero, the discharge time can be reduced from 15 ms to 2 ms, while the clutch pair consumes an average power of 2.7 mW to discharge (Figure 2f ). To validate the capabilities of the haptic device, two demonstrations are carried out using a single clutch pair device that weighed 23 g, with rest configuration dielectric overlap area of 120 × 70 mm 2 , and operated at 400 V.
In the first instance, a 1 litre bottle of water, weighing 10 kg is hung from one end of the device, with the clutch engaged ( Figure 3a and Video S1). The clutch is then disengaged, causing the jersey fabric to stretch and the bottle to lower. For the second demonstration, the device is used to block the movement around a mannequin elbow hinge joint (Figure 3b and Video S2). The arm is positioned such that the shoulder joint is kept locked but the forearm, weighing 8 kg, is free to rotate about the elbow hinge joint. The activated device is capable of supporting the weight of the forearm, thus indicating that it can impart force feedback to block undesirable movement. When the device is not in operation, the forearm rotates under the influence of its own weight and causes a longitudinal stretch of the device.
In summary, we developed a haptic device consisting of an electroadhesive clutch, fabricated using textiles.
When the clutch is not activated, the device is allowed to stretch without providing much resistance to loading.
Upon activation, a voltage is applied across the electrodes of the clutch which increases the resistance to tensile load. The device is lightweight, flexible, and operates at low power. The best reported work on electrostatic clutches is the one developed for the ankle exoskeleton [23] . It was capable of withstanding a shear stress of 17 kPa at 120 V/mm, the device weighed 26 g, and the net power consumption was 0.6 mW over a period of 30 ms.
In comparison, the clutch presented here can sustain a maximum shear stress of 3.5 kPa at the same voltage per unit dielectric thickness, weighs 23 g, and consumes 0.9 mW over a period of 15 ms. The lower shear stress of the fabric clutch can be attributed to the mechanical and electrical properties of the fabric electrode the presence of air gaps between the weaves of the textile reduces the capacitors charge carrying capacity and its surface irregularities lower the effective overlap surface area. However, the use of an all-fabric device greatly facilitates material-level compatibility for integration in textile-based wearable systems and streamlines the manufacturing process for rapid fabrication. In addition, we believe that the mechanical design of a spring and clutch in parallel is an elegant solution for providing passive haptic feedback. Despite requiring high operating voltages, electrostatic adhesion as a technology is safe provided the power-consumption is low i.e., the current required to charge and discharge the circuit is small (< 5 mA).
Given that the holding force increases linearly with the dielectric area of overlap and not the individual dimensions of the clutch plates, it is possible to scale up the device to encompass large parts of the body. For body appendages like fingers where the area to mount the device is small, multiple clutch plate pairs can be stacked to produce sufficient force to provide haptic feedback. Power loss due to leakage through the capacitor is low. Thus, for larger capacitors, power consumption during charging and discharging will largely depend on Joule heating through the series resistance, which limits the current flow through the circuit. Larger capacitors require more time to charge and discharge, but increasing current flow can reduce the reaction time, at the expense of marginally increasing power consumption.
Despite the numerous advantages of using this technology, there are some limitations that need to be addressed.
The application of high voltages to Barium Titanate results in a decay of its dielectric properties [33, 34, 35] . The same was indicated through anecdotal observations made over a period of a few months, where repeated clutch charging and discharging led to a deterioration in its holding force. Additionally, Barium Titanate, like other high-κ dielectrics, also has a low breakdown strength that limits the operating range of voltages. One way to address this issue is through the addition of conductive fillers that increases the breakdown strength [36, 37] . Alternatively, multiple clutch plates arranged in parallel can be operated at lower voltages instead of engaging a single clutch plate at a high voltage. Another common problem experienced when loading the engaged clutch plate was arc discharge at the electrode edges, where the dielectric coating was sparse. This can be avoided either by coating both surfaces of the electrode with the dielectric ink or by adhering strips of polyimide tape, which has a higher dielectric strength than Luxprint, along the edges of the electrodes. While the risk of sweat induced capacitor short circuiting is highly remote, it can be avoided by using commercial waterproof fabrics for the encapsulation. Future work will focus on implementing the aforementioned methods to address these existing limitations. In addition,
we will explore the possibility of developing a whole-body suit with a network of clutches that can provide haptic feedback for wearable robotic applications.
Experimental Section

Clutch Fabrication
The manufacture of each clutch plate pair is a layered process, involving two classes of materials -an electrically conductive electrode and an insulating dielectric. As shown in Figure 1b 
Characterisation of Mechanical Properties
Each clutch plate was bonded onto 150 mm × 60 mm rectangular sheets of laser cut woven fabric, by iron pressing the woven cloth onto the acrylic adhesive backing of the fabric tape. The melted adhesive created a strong bond between the plate and the fabric. Force-displacement tests of the clutch pairs were conducted with a materials testing machine (Instron 5965). The plates of the pair were fixed to the vices of the tensile tester, such that the dielectric surfaces were in planar contact with each other. To test the dependence of maximum holding force on applied voltage, the vertical separation between the vices was adjusted to ensure an overlap area of 50 × 60 mm 2 .
Prior to commencing each test, voltage was applied to the clutch electrodes using a high voltage supply (PS 350, Stanford Research Systems). The clutch pairs were engaged at 200 V, 300 V, 400 V, and 500 V and loaded under force-controlled conditions (0.1, 1, 10, 100 N/s) and displacement-controlled conditions (0.1, 1, 10, 100 mm/s). To test the dependence of maximum holding force on area of overlap, tests were carried out for the following areas:
10 cm 2 , 30 cm 2 , 50 cm 2 , while the plates were engaged at 400 V and the vices were loaded at 10 mm/s. To test the effect of number of clutch plate pairs operating in parallel, experiments were carried out using 1, 2, 3, 4, and 5
pairs of clutch plates. Each characterisation study was carried out for 5 trials.
Dynamic Electrical Characterisation Tests
To calculate the charging and discharging times for the capacitor, a customized H-bridge with four identical transistors (1NK60Z, STMicroelectronics) was employed ( Figure S2 The current flow, voltage drop, and discharge time were measured in the same manner as the charging phase, using the oscilloscope across the measurement resistor. Discharge time was shortened even further using the H-bridge by two steps that were performed simultaneously. One, the HT of the first branch was opened and the LT of the second branch was closed and two, the HT of the second branch was closed and the LT of the first branch was opened. This resulted in the capacitor current and voltage drop peaking in the second branch to twice the peak value recorded in the first branch, before undergoing exponential decay. Based on experimental data collected for discharge through branch short circuiting, the time needed to reduce the voltage to half was determined. The second branch was kept closed for that exact period of time, after which the HT of the second branch was opened and the LT of the first branch was closed, returning to the initial condition. The capacitor discharge time was measured as the sum total of the time required for the current to drop to 0.7% of the peak value starting from when the first branch was opened.
Demonstration details
To demonstrate the load bearing capacity of a single clutch pair device, a 1 litre bottle of water weighing 10 kg was attached to a plank of wood using a bowline knot (Figure 3a) . A 75 mm × 40 mm rectangular piece of Velcro with adhesive backing was attached to one of the surfaces of the plank. The mating Velcro portion of the same dimensions was attached to one end of the haptic device. Initially, the clutch was engaged at 400 V, with a dielectric area overlap of 120 × 70 mm 2 . The clutch along with the bottle was lifted to a height of 1 m above the ground and held. Keeping the top end of the device fixed, the clutch was disengaged and the knitted fabric extended downwards under the influence of the attached weight. To show the device's ability to constrain human body movement, a mannequin arm with a hinge elbow joint was used. Velcro strips were adhered along the 18 mm circumferences of the forearm and upper arm. With respect to the hinge joint, the strips were 12 cm along the forearm and the upper arm each and the clutch was attached along the arm's posterior side. When the clutch was disengaged, the 8 kg forearm rotated about the elbow hinge joint freely, allowing the knitted fabric to stretch.
Upon engagement, the rotation was constrained and the forearm was held fixed. When the clutch was disengaged, the forearm was able to rotate freely again.
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